Nitric oxide (NO) plays a critical role in vascular endothelial growth factor (VEGF)-induced angiogenesis and vascular hyperpermeability. However, the relative contribution of different NO synthase (NOS) isoforms to these processes is not known. Here, we evaluated the relative contributions of endothelial and inducible NOS (eNOS and iNOS, respectively) to angiogenesis and permeability of VEGF-induced angiogenic vessels. The contribution of eNOS was assessed by using an eNOS-deficient mouse, and iNOS contribution was assessed by using a selective inhibitor [L-N 6 -(1-iminoethyl) lysine, L-NIL] and an iNOS-deficient mouse. Angiogenesis was induced by VEGF in type I collagen gels placed in the mouse cranial window. Angiogenesis, vessel diameter, blood flow rate, and vascular permeability were proportional to NO levels measured with microelectrodes: Wild-type (WT) > WT with L-NIL or iNOS ؊/؊ > eNOS ؊/؊ > eNOS ؊/؊ with L-NIL. The role of NOS in VEGF-induced acute vascular permeability increase in quiescent vessels also was determined by using eNOS-and iNOS-deficient mice. VEGF superfusion significantly increased permeability in both WT and iNOS ؊/؊ mice but not in eNOS ؊/؊ mice. These findings suggest that eNOS plays a predominant role in VEGF-induced angiogenesis and vascular permeability. Thus, selective modulation of eNOS activity is a promising strategy for altering angiogenesis and vascular permeability in vivo.
V ascular endothelial growth factor (VEGF) is a potent angiogenic and vascular permeabilizing factor (1, 2) . VEGF plays a critical role in both physiological and pathological angiogenesis. Nitric oxide (NO) is known to mediate many physiological and pathological functions, including angiogenesis and vascular permeability (3) (4) (5) (6) (7) . There are three isoforms of NO synthase (NOS): neuronal NOS (nNOS, also referred to as type I NOS), inducible NOS (iNOS, type II NOS), and endothelial NOS (eNOS, type III NOS). These three isoforms of NOS are distributed and regulated differently (8) . VEGF promotes NO production and also induces eNOS and iNOS expression in vascular endothelial cells in vitro (9) (10) (11) . Furthermore, inhibition of in vivo NO production results in reduced angiogenesis and vascular permeability induced by VEGF (12, 13) . However, the relative contribution of the individual isoforms of NOS and the absolute amount of NO involved in these different functions in vivo are not known. Thus, in this study, we evaluated the relative contributions of eNOS and iNOS in VEGF-induced angiogenesis and vascular permeability using a collagen gel quantitative angiogenesis assay and eNOS-and iNOS-deficient mice as well as the iNOS selective inhibitor L-N 6 -(1-iminoethyl) lysine (L-NIL).
Methods
Animals. To obtain mice with an immunodeficient background, we crossed eNOS Ϫ/Ϫ mice (14) with recombination activating gene 1 null (Rag-1 Ϫ/Ϫ ) mice (The Jackson Laboratory). Rag-1 Ϫ/Ϫ mice lack mature T and B cells (15) . The response in the double knockout mice, homozygous for both the eNOS gene and the Rag-1 gene (eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ ) was compared with that in eNOS ϩ/ϩ Rag-1 Ϫ/Ϫ mice [referred to wild-type (WT) Rag-1 Ϫ/Ϫ , WT mice for eNOS gene]. These mice had mixed C57BL͞6 and SV129 background. Separate immunocompetent animals were used for acute vascular permeability, pial vessel hemodynamic studies, and angiogenesis assay for iNOS-deficient mice: iNOS Ϫ/Ϫ mice backcrossed for 10 generations to C57BL͞6 background (The Jackson Laboratory), C57BL͞6 WT animals, and eNOS Ϫ/Ϫ mice backcrossed for 10 generations to C57BL͞6 background. Both males and females of all genotypes of mice were kept in the barrier animal facility in Massachusetts General Hospital under diurnal lighting conditions and allowed free access to food and water. All procedures were carried out following Institutional Animal Care and Use Committee approval.
Angiogenesis Assay. Angiogenesis in type I collagen gel was monitored as described (16, 17) . In brief, immunodeficient mice were anesthetized (90 mg͞kg Ketamine and 9 mg͞kg Xylazine) and implanted with cranial windows. Seven to 10 days later, the coverslip was removed, and type I collagen gel (20 l) containing VEGF-165 (3 g͞ml, R&D Systems, Minneapolis, MN) sandwiched between nylon meshes (2.5 ϫ 2.5 mm) was inoculated onto the pial surface. The cranial window was then closed with a glass coverslip. Angiogenic vessels in the gel were noninvasively monitored daily for 14 days. Angiogenesis was quantified as a percentage of squares in the top nylon mesh containing at least one vessel. The time required to fill 50% of squares in the mesh (A 50 ) also was determined from the individual angiogenic response curves. Rate of angiogenesis (A Rate ) was then calculated as follows: A Rate (%͞day) ϭ 50 (%)͞A 50 (day).
Intravital Microscopy. To obtain physiological parameters of the angiogenic vessels, 4-5 randomly selected locations of the gel were investigated by intravital fluorescence microscopy on day 14 after the gel implantation as described (16) (17) (18) . Briefly, FITC-labeled dextran (molecular weight, 2,000,000; 10 mg͞ml, 100 l, Sigma) was injected into the animal's tail vein to enhance contrast between red blood cells (RBCs) and plasma. For functional vessel density, the total length of perfused microvessels per unit area was measured. Vessel diameter was measured This paper was submitted directly (Track II) to the PNAS office.
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by using an image-shearing device, and RBC velocity was measured by temporal correlation velocimetry. The blood flow rate of individual vessels was calculated by using vessel diameter and RBC velocity (18) . The effective vascular permeability coefficient was measured as described (18) using tetramethylrhodamine-labeled BSA (10 mg͞ml, 100 l, Molecular Probes).
iNOS Inhibitor Treatment. Both WT Rag-1 Ϫ/Ϫ and Rag-1 Ϫ/Ϫ eNOS Ϫ/Ϫ mice were treated with either L-NIL, a selective type II NOS inhibitor (Alexis Biochemicals, San Diego) (19) or vehicle. The treatment started 1 day before the collagen gel implantation and continued until the end of the observation period. The IC 50 of L-NIL for mouse iNOS is 3.7 M (20). For in vivo use, we followed the protocol of Stenger et al. (19) and treated animals with 4.5 mM L-NIL in drinking water. With the same treatment, a 21-fold reduction in NOS activity was observed in the lymph nodes of chronically infected mice (19) .
VEGF Superfusion.
To study the role of NOS in VEGF-induced acute permeability increase, dorsal skin chambers in immunocompetent C57BL͞6, eNOS Ϫ/Ϫ , and iNOS Ϫ/Ϫ mice were superfused with VEGF-165 (50 ng͞ml, 20 l) as described (21) . Dorsal skin chambers were used in this experiment because normal pial vessels require a several order higher pharmacological concentration of VEGF to increase vascular permeability acutely (21) . Briefly, baseline vascular permeability after PBS superfusion was measured by using either tetramethylrhodamine or cyanine 5-(Amersham Pharmacia) labeled BSA. Twenty to 40 minutes after VEGF superfusion, vascular permeability to BSA labeled with the alternate fluorescent tracer was measured. NO Measurement. NO was measured in the gel and underlying cortex by a polarographic electrochemical method using recessed Nafion-polymer-coated gold microsensors (see supplemental material, which is published on the PNAS web site, www.pnas. org) (22) . After the cranial window was opened, the brain was immediately covered with saline. A stainless steel ring superfusion well was cemented to the skull, and the animal was immobilized in a head holder. The well over the brain was superfused with Earle's balanced salt solution (Sigma) equilibrated with 5% O 2 , 5% CO 2 , balance N 2 and maintained at 37°C by a circulating water bath. The pH in the buffer under these conditions was 7.1 Ϯ 0.02 (n ϭ 6, mean Ϯ SD). A Ag͞AgCl reference electrode was placed into the well. NO microsensors were positioned at a 45°angle with a micromanipulator. NO microsensors were advanced into the gel at a rate of Ϸ240 m͞min using a hydraulic microdrive (Kopf Instruments, Tujunga, CA). The penetration was started Ϸ200 m above the gel surface. Penetrations were observed under a microscope, and terminated if any bending of the NO microsensor was seen. A data point was obtained for every 1-m advancement of the NO microsensor. After advancing the electrode through the gel and into the underlying cortex, the penetration was stopped and the NO microsensor was rapidly withdrawn back to a position in the well Ϸ500 m above the gel surface. NO profiles across the gel are displayed with respect to the vertical depth from the surface, correcting for the angle of penetration, with mean Ϯ SEM for each 50-m increment.
Statistics. The data were analyzed by using an ANOVA and the Fisher's post hoc test unless otherwise specified. Values are expressed as mean Ϯ SEM unless otherwise specified. Statistical significance was set at P Ͻ 0.05.
Results
Angiogenesis Is Significantly Reduced in eNOS ؊/؊ Rag-1 ؊/؊ Mice. We quantified angiogenesis in immunodeficient mice by using a recently developed collagen gel model (16) . This model provides highly reproducible, quantitative information about temporal changes in vascularization in vivo. All mice used had a Rag-1 Ϫ/Ϫ background. The involvement of eNOS or iNOS in this process was evaluated by using eNOS-deficient mice or the iNOS selective inhibitor L-NIL. After implantation of the control collagen gels (without exogenous VEGF), eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice showed significantly reduced angiogenesis compared with WT Rag-1 Ϫ/Ϫ mice (Fig. 1A) . The response of L-NIL-treated WT Rag-1 Ϫ/Ϫ mice fell between the response of these two groups.
In gels containing VEGF (3 g͞ml) in WT Rag-1 Ϫ/Ϫ mice, angiogenesis was significantly accelerated compared with control gels with or without L-NIL treatment. Decreased vascularization in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice compared with WT Rag-1 Ϫ/Ϫ mice was even more clearly visible in the VEGF gel ( Fig. 1 B and  C) . Furthermore, VEGF did not change the rate of angiogenesis in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice (Fig. 1C ). The iNOS inhibitor slightly slowed angiogenesis in WT Rag-1 Ϫ/Ϫ mice, and there was an additive effect of L-NIL on decreased angiogenesis in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice. In summary, angiogenesis in VEGF gel decreased according to the following order:
eNOS ؊/؊ Rag-1 ؊/؊ Mice Show Reduced Angiogenesis and Blood Flow.
At 14 days after collagen gel implantation, we determined functional vascular density (total length of perfused vessels per unit area), vessel diameter, RBC velocity, and blood flow rate in angiogenic vessels by intravital microscopy. The eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice exhibited significant reduction in vascular density compared with WT Rag-1 Ϫ/Ϫ mice with or without L-NIL (Fig.  2 ). L-NIL treatment did not significantly change vascular densities in VEGF gels in either WT Rag-1 Ϫ/Ϫ or eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice. Changes in vessel diameter showed a pattern similar to angiogenesis rate:
. There was no difference in RBC velocity regardless of mouse genotype or treatment. The blood flow rate in individual vessels was reduced in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice (P ϭ 0.037) compared with WT Rag-1 Ϫ/Ϫ mice. Overall hemodynamics and functional vessel densities were consistent with an angiogenic response.
iNOS Plays Limited Role in Angiogenesis. To further confirm the involvement of iNOS in VEGF-induced angiogenesis, we repeated the angiogenesis gel assay using immunocompetent C57BL͞6 mice and iNOS Ϫ/Ϫ mice with C57BL͞6 background. Similar to L-NIL experiments, angiogenesis in iNOS Ϫ/Ϫ mice was slightly slower than C57BL͞6 mice (Table 1 and Fig. 5 , which is published as supplemental material). At 14 days after VEGF gel implantation, iNOS Ϫ/Ϫ mice showed significantly lower vessel density but comparable vessel diameter compared with C57BL͞6 mice.
eNOS But Not iNOS Mediates VEGF-Induced Vascular Permeability
Increase in Quiescent Vessels. To determine the involvement of eNOS and iNOS in VEGF-induced acute vascular permeability increase, we measured vascular permeability in mouse dorsal skin chambers after VEGF superfusion in immunocompetent eNOS and iNOS null mice. The baseline vascular permeability was comparable among eNOS Ϫ/Ϫ , iNOS Ϫ/Ϫ , and WT C57BL͞6 mice (Fig. 3A) . Immediately after VEGF superfusion, vascular permeability increased significantly in iNOS Ϫ/Ϫ and C57BL͞6 mice but not in eNOS Ϫ/Ϫ mice (Fig. 3A) . Twenty-four hours after the superfusion, vascular permeability returned to the baseline level (data not shown). Thus, VEGF-induced acute permeability increase in quiescent vessels was significantly inhibited in eNOS Ϫ/Ϫ mice.
eNOS Mediates Vascular Permeability in VEGF-Induced Angiogenic
Vessels. Fourteen days after the collagen gel implantation, vascular permeability of newly formed vessels in VEGF gels in WT Rag-1 Ϫ/Ϫ mice (2.5 Ϯ 0.4 ϫ 10 -7 cm͞s) was significantly higher compared with the control gels in WT Rag-1 Ϫ/Ϫ mice (1.3 Ϯ 0.4 ϫ 10 -7 cm͞s, P ϭ 0.035). NOS inhibition in the VEGF gels
with L-NIL) resulted in decreased permeability (1.6 Ϯ 0.3 ϫ 10 -7 cm͞s, P ϭ 0.0727; 1.2 Ϯ 0.8 ϫ 10 -7 cm͞s, P ϭ 0.035; 0.5 Ϯ 0.2 ϫ 10 -7 cm͞s, P ϭ 0.003, respectively) ( Fig. 3B) . Vascular perme- (a and c) . The area of each high-power image is roughly same as the size of one square of the mesh. The autofluorescence of nylon mesh can be seen at the top or left side of a and elsewhere. (Scale bar ϭ 100 m.) In the VEGF gel, eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice (KO) showed significantly smaller vascular density compared with Rag-1 Ϫ/Ϫ (WT) mice with or without L-NIL treatment. L-NIL treatment did not significantly change vascular density in VEGF gels in both WT and KO mice. Vessel diameter showed a trend similar to angiogenesis rate ( Fig. 1) , WT Ͼ WT with L-NIL Ͼ KO Ͼ KO with L-NIL. However, there was no statistically significant difference (P ϭ 0.0573, WT vs. KO with L-NIL). There was no difference in RBC velocity regardless of mice genotype and treatment. Blood flow rate in individual vessel was reduced in KO mice (P ϭ 0.037) compared with WT mice. A total of 58 locations in 12 WT mice, 30 locations in six L-NIL-treated WT mice, 26 locations in five KO mice, and 15 locations in three L-NIL-treated KO mice were observed. * , P Ͻ 0.05 as compared with WT mice. #, P Ͻ 0.05 as compared with WT mice with L-NIL treatment.
ability in angiogenic vessels in the immunodeficient Rag-1 Ϫ/Ϫ mice was parallel to the rate of angiogenesis. However, there was no difference in angiogenic vessel permeability between iNOSdeficient mice and corresponding WT mice with immunocompetent C57BL͞6 background (Table 1) . Fig. 4 A and B, respectively. Spatial variations in NO were observed as the microsensor was advanced through the gels, which may be related to individual vessels and͞or other NO-producing cells along the measurement track. Significantly elevated NO levels were observed in VEGF gels in WT Rag-1 Ϫ/Ϫ mice compared with NO levels in normal brain tissue and in VEGF gels in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice. In WT Rag-1 Ϫ/Ϫ mice, the peak NO level (2.01 Ϯ 0.25 M, n ϭ 6) was observed at the bottom of the gel (375 Ϯ 48 m), close to the underlying pial surface, which is presumably the area with highest angiogenic activity in the gel. L-NIL treatment in WT Rag-1 Ϫ/Ϫ mice did not reduce the peak NO level in the gel significantly (1.76 Ϯ 0.36 M at 342 Ϯ 60 m, n ϭ 3, P ϭ 0.584). As shown in Fig. 4B for an eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mouse, no NO peak was observed in the gel and the highest values were observed in brain tissue under the gel (depth greater than 400 m). The average NO level near the bottom of the gel in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice (0.26 Ϯ 0.04 M at 425 m, n ϭ 2, P ϭ 0.019) was significantly lower than the peak NO value in WT Rag-1 Ϫ/Ϫ mice. Averaged NO profiles (data point for each 50-m increment) demonstrate the pattern WT Rag-1 Ϫ/Ϫ Ն WT Rag-1 Ϫ/Ϫ with L-NIL ϾϾ eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ with and without L-NIL, with peak NO values for the WT Rag-1 Ϫ/Ϫ mice significantly higher (P ϭ 0.008) than NO levels at the bottom of the gel in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice (Fig. 4C ). NO level was significantly reduced throughout the collagen gel in eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice, and some effect of L-NIL on NO level was observed near the bottom of the gel where the host cell migration occurs.
NO Level in VEGF Gel Is Decreased in eNOS

Discussion
VEGF Induces NO Production via eNOS. Vascular endothelial cells express high affinity VEGF receptors flt-1 and flk-1͞KDR (2) . During certain periods of development and under pathological conditions such as cancer, angiogenic blood vessels also express another VEGF receptor, flt-4 (23, 24) , that is normally restricted to the lymphatic endothelium in adults. Among the three VEGF receptors, flk-1͞KDR is believed to play the predominant role in angiogenesis (2) . A recent study also has shown that flk-1͞ KDR mediates NO production induced by VEGF (25) . VEGF stimulates formation of an flk-1͞KDR-c-src complex, which triggers Ca 2ϩ release through the IP 3 second messenger pathway. As a result, eNOS, which is Ca 2ϩ -dependent and constitutively expressed in vascular endothelial cells, is almost immediately activated after tissue exposure to VEGF. Furthermore, it was recently reported that VEGF induces expression of eNOS in human umbilical vein endothelial cells and that activation of eNOS expression is regulated by protein kinase Akt (9) (10) (11) 26) . Endothelial cell survival by VEGF is regulated through the flk-1͞KDR and phosphoinositide 3-kinase͞Akt signal transduction pathways (27) . Thus, NO may be involved in VEGF-induced endothelial cell survival as well. VEGF induces NO production from vascular endothelial cells by increasing both NOS enzyme expression and activity in vitro (9) (10) (11) . Thus, it is reasonable to assume that NO is produced from vascular endothelial cells via eNOS in response to VEGF in vivo. Indeed, in this study we found that gene deletion of eNOS results in significantly reduced NO levels in the VEGF containing gel. eNOS Mediates VEGF-Induced Angiogenesis. VEGF induces vascular endothelial migration, proliferation, and capillary-like network formation in vitro, and vasculogenesis and angiogenesis in vivo (2) . Addition of broad-spectrum NOS inhibitors blocks these VEGF functions in vitro (11, 13) . Furthermore, systemic treatment with NOS inhibitors suppresses VEGF-induced angiogenesis in vivo (13) . In agreement with a previous finding using an ischemic limb and wound repair models (28, 29) , we find that eNOS null mice showed significantly reduced angiogenesis in both control and VEGF-containing collagen gels compared with corresponding WT mice. Furthermore, the rates of angiogenesis in control gel and VEGF gel were comparable in eNOS null mice. These results demonstrate that eNOS is the major NOS isoform mediating angiogenesis induced by VEGF in vivo.
Involvement of iNOS in VEGF-Induced Angiogenesis.
In addition to vascular endothelial cells, other cell types express VEGF receptors. Monocytes express flt-1 and VEGF induces migration of these cells (30) . Recently, another receptor, neuropilin-1 (NP-1) was found to bind to VEGF (31) . In collaboration with flk-1͞ KDR, NP-1 enhances VEGF function in endothelial cells. Furthermore, NP-1 may mediate VEGF-induced changes in nonendothelial cells. We expect in our study that VEGF may induce migration of nonendothelial cells into the collagen gel. Thus, vascular endothelial cells may not be the only cell type in an angiogenic tissue. In fact, many nonendothelial cells infiltrated into the collagen gel in our study. Migrated host stromal cells such as macrophages and fibroblasts in wound, matrix implant, and tumor tissue also express angiogenic stimulators including VEGF and iNOS (32, 33) . These cells may be exposed to hypoxia in the tissue. Hypoxia is known to induce several genes including VEGF and iNOS (34, 35) . Furthermore, Kroll and Waltenberger (10) showed that activation of Flk-1͞KDR leads to an up-regulation of not only eNOS but also iNOS protein in human umbilical vein endothelial cells. Thus, iNOS is potentially present and involved in VEGF-induced angiogenesis. Indeed, we found iNOS expression in the collagen gel, although the expression level is variable and significantly lower than eNOS (see Fig. 6 , which is published as supplemental material). Because iNOS is Ca 2ϩ -calmodulin independent and has an order of magnitude higher NO productivity compared with constitutive isoforms such as eNOS and nNOS, its lower expression level does not necessarily imply negligible biological function. In fact, both the iNOS selective inhibitor and iNOS gene deletion slowed angiogenesis in VEGF-containing gels, although it was less effective than eNOS gene deletion. We might potentially underestimate the relative contribution of iNOS when we use immunodeficient mice. However, the magnitude of response to iNOS inhibitor in immunodeficient mice and iNOS gene deletion in immunocompetent mice was similar. Furthermore, angiogenesis in VEGF gel in WT and Rag-1 Ϫ/Ϫ mice with the same strain background (C57BL͞6) was comparable (see Fig. 7 , which is published as supplemental material). Nevertheless, it is noteworthy that treatment of eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ mice with L-NIL led to a more significant delay in angiogenesis in the VEGF gel, suggesting that eNOS and iNOS play additive and͞or complementary roles in angiogenesis. In summary, our angiogenesis assay suggests that there is a role for iNOS in VEGF-induced angiogenesis as well.
NO Mediates Hemodynamics in VEGF-Induced Angiogenic Vessels. The first host tissue response to an angiogenic stimulus from implanted tumor xenografts or growth factors is host vessel dilatation. NO was originally discovered as an endothelium-derived relaxing factor and is known to be a potent vasodilator (3, 36, 37) . NO dilates host vessels, causing sprout formation, and maintains blood flow in angiogenic vessels (18, 38) . In this study, functional vessel density, diameter and blood flow rate in the VEGF gels were reduced in eNOS mutant mice and to a lesser extent in iNOS inhibitor-treated mice or iNOS-deficient mice compared with corresponding WT mice. Pial vessel diameter in eNOS Ϫ/Ϫ mice was significantly smaller than that in WT C57 mice with comparable centerline velocity (see Fig. 8 , which is published as supplemental material). These findings suggest that eNOS in the connecting host vessel regulates its vessel diameter and thus, is also important for angiogenesis and hemodynamics in angio-genic vessels. Hemodynamics in angiogenic vessels are regulated by both existing host vessels and angiogenic vessels themselves. Increased perfusion in VEGF-induced angiogenic vessels was mediated by NO-induced vasodilation (39) .
eNOS Mediates VEGF-Induced Permeability. VEGF is known to increase vascular permeability of microvessels to circulating macromolecules (1) . Increased vascular permeability often is observed in areas of pathological angiogenesis in solid tumors, wounds, and chronic inflammation. Indeed, extravasated plasma proteins form a fibrin-rich matrix suitable for angiogenic vessels to migrate͞proliferate into. NO also mediates vascular permeability, although the effect of NO on vascular permeability seems to be context-dependent. In tumors or in chronic inflammation, NO enhances vascular permeability (5, 18) . On the other hand, in some ischemia-reperfusion injury models, NO maintains vessel integrity (40) . Nevertheless, studies using ex vivo perfused porcine coronary venules, the rat Miles assay and the rat cranial window have shown that VEGF enhances vascular permeability, whereas nonselective NOS inhibitors attenuate this effect (12, 41, 42) . We found that the vascular permeability of both quiescent vessels acutely exposed to VEGF and angiogenic vessels induced by VEGF was significantly lower in eNOS null mice than that in WT control mice. On the other hand, VEGF increased vascular permeability in both quiescent and angiogenic vessels to a similar extent in iNOS null mice and WT C57 mice, although addition of iNOS inhibitor tended to decrease vascular permeability in angiogenic vessels. These results indicate that VEGF-induced vascular hyperpermeability is predominantly mediated by eNOS.
In this study, we could not detect nNOS mRNA in the VEGF containing gels by reverse transcriptase-PCR using a forward primer specific to exon 1 and a reverse primer specific to exon 2 (see Fig. 6 ). Although in principle, the exon 2-containing form of nNOS accounts for the majority of nNOS catalytic activity in the brain, there are several spliced variants of nNOS mRNA lacking exon 2 (43) . Thus, although we do not have evidence that nNOS is significantly involved in angiogenesis in our system, we cannot exclude the possible involvement of alternatively spliced variants of nNOS in angiogenesis.
VEGF induces proangiogenic changes such as vessel dilatation, increased vascular permeability, and angiogenesis in vivo in tissues of adult mice. NO mediates these processes predominantly via eNOS. NO produced by iNOS also modifies both Fig. 4 . NO concentration profiles across VEGF gels. Individual (A and B) and overall averaged (C) measurements of NO concentration profiles across VEGF gels and into the underlying brain tissue. (A and B) The position of the tip relative to the gel surface (Upper) and resulting NO measurement (Lower) as a function of time while the microsensor was advanced are shown for individual NO concentration profiles in VEGF gels implanted in a Rag-1 Ϫ/Ϫ (WT) mouse (A) and an eNOS Ϫ/Ϫ Rag-1 Ϫ/Ϫ (KO) mouse (B). The peak NO value for this WT mouse (Ͼ 4 M) was located at Ϫ362 m (below the gel surface), near the bottom of the gel. There was no noticeable NO peak in the gel for the KO measurement in the range from 0 to Ϫ400 m. (C) NO profiles averaged over 50 m increments for a total of 29 profiles in six WT mice, 19 profiles in three L-NIL treated WT mice, 11 profiles in two KO mice, and one profile in one L-NIL-treated KO mouse. Averaged NO profiles demonstrate the pattern WT Ͼ WT with L-NIL Ͼ Ͼ KO with and without L-NIL.
angiogenesis and vascular permeability but to a lesser degree than eNOS. Unlike VEGF mutant mice, none of the NOS isoform mutant mice are embryonic lethal and grow relatively well, whereas wound repair is impaired in adult eNOS or iNOS mutant mice (29, 44) . NO may be involved in pathological angiogenesis such as that occurring in solid tumors, but may not be essential for physiological angiogenesis such as occurring in development and vasculogenesis. Relative contributions of the NOS isoforms in angiogenesis and͞or vascular permeability may depend on tissue, stimuli, and type of pathology.
Conclusions
NO modulates VEGF-induced angiogenesis and vascular permeability in vivo. Endothelial NOS predominantly mediates this process, and iNOS appears to have a small but additive effect. Thus, selective modulation of eNOS activity is a promising strategy for altering angiogenesis and vascular permeability in vivo.
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